Abstract-A series of lactic/ glycolic acid polymers with various molar ratios of lactic to glycolic acid and various molecular weights were synthesized using the ring-opening polymerization method. The polymerization conditions for the lactic/ glycolic acid polymer synthesis were as follows: 150 ± C, 700 ¹m Hg, 3 h, 0.03 wt% of catalyst (stannous 2-ethyl-hexanoate) concentration. The molecular weight of these polymers was controlled by using a molecular weight controller, lauryl alcohol.
INTRODUCTION
Lactic / glycolic acid polymers (PLGA) have emerged as leading biomaterials for medical applications for over 30 years [1] . The outstanding biocompatibility and the nontoxic and bioabsorbable nature of degradation end products of these polymers form the foundation of their use in the human heath related areas [1] . More signi cantly, polymers based on lactide and/ or glycolide (cyclic dimers of lactic and/ or glycolic acids) exhibit a wide range of physicochemical property diversities by varying their composition (ratio of lactic acid moiety to glycolic acid moiety in the polymer), molecular weight, crystallinity, and other parameters [1] . Almost all of these polymers having various physicochemical properties are found useful in human heath related areas. For example, crystalline PLGA having high molecular weight are fabricated into surgical sutures and bone xation nails and screws, where high mechanical strength is a must [2, 3] . On the other hand, totally amorphous PLGA having low molecular weight are found extremely useful in the controlled drug delivery applications [4, 5] .
PLGAs have been a subject of research for a long time. A good volume of work has been published with regards to the synthesis, characterization, biodegradation, and drug delivery application. However, a complete set of study for PLGA in these respects has not been completed. To provide a thorough study with respect to the synthesis, characterization, biodegradation, and drug delivery applications, we have done a series of investigation for lactic / glycolic acid polymers. In this series of research, two groups of PLGA were synthesized. One group had varied compositions while the molecular weight of the polymers was xed. The other group had varied molecular weights with the same composition. These two groups of polymers have been characterized in terms of composition, molecular weight, polydispersity, inherent viscosity, and glass transition temperature. Biodegradation and drug delivery application of these polymers have also been investigated. The synthesis and characterization are reported in this paper.
In the last two decades, the production of many potent peptide hormones has stimulated the development of controlled drug delivery systems such as the dosage forms based on PLGA. Due to the acceptable stability in the fabrication process and the potency of these drugs, the controlled release systems for delivery of these peptides have been formulated as injectable microspheres and implants by using PLGA [6, 7] . The successful examples are Lupron ® Depot and Zoladex ® for delivery of luteinizing hormone-release hormone (LH-RH) analogues. A constant hormone release pro le over a desired period of time has been achieved by controlling the composition and the molecular weight of the lactic / glycolic acid polymers [8, 9] .
Because of the important role of composition and molecular weight of the lactic / glycolic acid polymers in the drug delivery application, the selection of PLGA with desired composition and molecular weight becomes critical in the research and formulation of controlled-release drug delivery systems. The compo-sition of PLGA can be controlled by controlling the feed ratio of the monomers. However, the molecular weight of PLGA requires extra effort.
Many means have been used to control molecular weight in the lactic / glycolic acid polymer synthesis. For example, polymerization temperature, polymerization time, catalyst concentration, the degree of vacuum, and addition of molecular weight controllers are tried for this purpose [5, [10] [11] [12] . Although the temperature is a parameter that can be easily controlled, the upper limit and lower limit in temperature for polymerization of PLGA restrict the use of this method for molecular weight control. The formed polymers undergo thermal depolymerization at a temperature above the upper limit. The upper limit of the polymerization temperature that is also called the ceiling temperature .T c / was found to be 275 ± C for poly(L-lactic acid) [13] . Above the T c , the reaction is thermodynamically unfavorable. The pro le of molecular weight change with respect to polymerization time has been studied [10, 14] . A non-linear relationship between molecular weight and polymerization time has been demonstrated. Such a relationship is not preferred to be used as a calibration line for predicting polymer molecular weight prior to polymer synthesis. It is also dif cult to use polymerization time to control the molecular weight when low molecular weight polymer (e.g. » 10 000 D) is desired. The reason is that 80% of monomers are converted to polymer within the rst 30 min of the polymerization when the reaction is carried out at 220 ± C and stannous octoate (0.3%) is used as catalyst [14] . This short period of time is not long enough for the molecular weight control purpose. It was found that polymers with different molecular weights could be obtained by controlling the vacuum in a polymerization vessel while holding other parameters constant [10] . However, the degree of vacuum is dif cult to adjust, especially at high vacuum levels (< 1000 ¹m Hg). The use of molecular weight controller emerged to be the best option for synthesis of PLGA with controllable molecular weights. The molecular weight controller reacts with the carboxylic end-group on the growing Figure 1 . Molecular weight control of PLGA polymerization using lauryl alcohol.
polymer chain and blocks the active reaction group for propagation. The mechanism is schematically shown in Fig. 1 . The addition of a molecular weight controller (e.g., lauryl alcohol) can be easily and precisely controlled, which gives reproducible polymer molecular weight. However, this method has not been well studied. In this work, the effect of the lauryl alcohol as a molecular weight controller on PLGA molecular weight is studied. The relationship between the amount of lauryl alcohol used and PLGA molecular weight is reported.
EXPERIMENTAL

Materials
Lactide and glycolide were purchased from Purac Biochem BV (Gorinchem, The Netherlands). Stannous 2-ethylhexanoate and lauryl alcohol were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Ethyl ether (anhydrous) was obtained from EM Science (Gibbstown, NJ, USA). Chloroform (HPLC grade) was obtained from J. T. Baker (Phillipsburg, NJ, USA). Deuterated chloroform and deuterated dimethyl sulfoxide (DMSO) were also obtained from Aldrich Chemical Company, Inc. (Milwaukee, WI, USA).
Polymer synthesis
The PLGAs were synthesized using a bulk polymerization method in glass tubes. Prior to the polymer synthesis, all glassware was cleaned and dried at 120 ± C in an oven overnight. The dried glassware was cooled to room temperature in a sealed desiccator. The catalyst solution was prepared by dissolving the stannous 2-ethylhexanoate in the anhydrous ether immediately before use. The lauryl alcohol solution was also prepared by dissolving the lauryl alcohol in the anhydrous ether, separately.
The PLGAs having 75-25 molar ratio of lactic to glycolic acid moieties but different molecular weights were synthesized using the ring-opening polymerization method as follows. Varied amounts of lactide and glycolide crystals were accurately weighed and added into ve 25-ml glass ampoules (Lab Glass, Inc., Vineland, NJ, USA). The catalyst solution and the lauryl alcohol solution were separately added to the polymerization tubes. The feeding amount of the lactide, the glycolide, the catalyst, and the lauryl alcohol is summarized in Table 1 . The ve ampoules were connected to a vacuum distributor with ve places tted with high vacuum glass stopcocks (Kontes Glass Co., Vineland, NJ, USA), as shown in Fig. 2 . An in-house vacuum was connected to the vacuum distributor to remove the anhydrous ether in the ampoules, followed by applying a high vacuum using a vacuum pump. The vacuum was monitored using an electronic vacuum gauge. When the vacuum reached 700 ¹m Hg, the stopcocks were closed. The ampoules were sealed using a propane torch under this high vacuum. The sealed ampoules were immersed in an oil bath Table 1 .
Feeding amount of lactide, glycolide, catalyst, and lauryl alcohol for the PLGAs having the same molar ratio of lactic to glycolic acid but different molecular weight Sample that was preheated to 150 ± C using a heater controlled by a Barnant temperature controller (J Thermocouple Model, Barnant Company, Barrington, IL, USA). The ampoules were hand shaken continuously until the crystals were completely melted at 150 ± C. This would assure an even distribution of the catalyst and lauryl alcohol in the lactide and/ or glycolide melt. The ampoules were kept at this temperature for 3 h for polymerization. After polymerization, the ampoules were taken out of the oil bath, wrapped to remove the heating oil, and dropped into liquid N 2 . The polymers were collected and ground into small pieces, and dried in a vacuum desiccator overnight. The dried polymers were kept in a freezer (¡ 25 ± C) for further characterization.
PLGAs having a similar molecular weight but different molar ratio of lactic to glycolic acid moieties were synthesized using the same polymerization method described above. The feeding amount of the lactide, the glycolide, the catalyst, and the lauryl alcohol is summarized in Table 2 . The polymerization yield is calculated for each batch using the following equation:
Amount of polymer obtained Amount of monomers, catalyst, and molecular weight controller Determination of polymer composition using nuclear magnetic resonance
The 1 H-NMR spectra of the PLGA polymer samples were obtained using a Bruker 400 MHz NMR (Bruker, AM400, Karlsruhe, Germany). All polymer samples were dissolved in deuterated chloroform with tetramethyl silane (TMS) as an internal standard. The concentration of the PLGA polymer solutions was 10 w /v%. The composition of the PLGAs (the ratio of lactic to glycolic acid moiety in the polymers) was obtained by using the ratio of absorbancies of the methine hydrogen of the polymerized lactic acid to the methylene hydrogens of the polymerized glycolic acid. Table 2 .
Feeding amount of lactide, glycolide, catalyst, and lauryl alcohol for the PLGAs having the similar molecular weights but different molar ratios of lactic to glycolic acid Sample 
Molecular weight determination
The molecular weights of the synthesized polymers were determined by gel permeation chromatography (GPC). A Waters high-performance liquid chromatography (HPLC) system (Waters Corporation, Milford, MA, USA) having a model 590 pump and a 410 differential refractometer detector was used. Two GPC columns, Styragel HR4 and HR2 (Waters Corporation, Milford, MA, USA) were connected in series and maintained at 35 ± C. A Styragel guard column (Waters Corporation, Milford, MA, USA) was connected in front of the two GPC columns. Chloroform was used as the mobile phase. The ow rate was 1 ml min ¡1 . The injection volume was 100 ¹l. The calibration line was established using a series of polystyrene standards (Waters Corporation, Milford, MA, USA) having a molecular weight range from 530 to 430 000 D. Samples were dissolved in chloroform to make 0.3-0.5% polymer solutions. The solutions were ltered through 0.45-¹m PTFE syringe lters, and then injected. The molecular weights and molecular weight distributions were obtained using a computer program.
Inherent viscosity measurement
A PLGA sample, 25 mg, was dissolved in 10 ml chloroform to make a polymer solution, of which 5 ml was ltered into a Cannon-Fenske viscometer (Size 50, Lab Glass, Inc., Vineland, NJ, USA) using a 0.22 ¹m PTFE syringe lter. The lled viscometer was equilibrated in a 30 ± C water bath for 15 min. The ux time of the polymer solution between two marks was recorded and the ux time of pure chloroform was measured as a reference. Three measurements were performed for each sample, and the variation of ux time was limited below 0.3 s. The inherent viscosity (V i ) was calculated using the following equation:
where V r is the relative viscosity that is the ux time ratio of the polymer solution to the pure chloroform, and C is the polymer concentration having the unit of grams per deciliter.
Assay of glass transition temperature (T g ) using differential scanning calorimetry (DSC)
The glass transition temperatures of the PLGAs were determined by using a DSC. The experiments were performed on a Mettler Toledo DSC821e differential scanning calorimeter (Mettler Toledo, Toledo, OH, USA). The DSC atmosphere was nitrogen purging at 50 ml min ¡1 . PLGA samples, 3-12 mg, were accurately weighed and transferred into an aluminum standard pan (40 ¹l) with lid. The lid was pierced before the measurement. All experimental runs on the DSC involved fast cooling of sample from 25 to 0 ± C at a rate of 20 ± C min ¡1 . The samples were isothermally held at 0 ± C for 5 min to allow the temperature in the sample to equilibrate with the surrounding temperature. The heating scan was then started from 0 to 80 ± C at a rate of 10 ± C min ¡1 .
RESULTS AND DISCUSSION
Polymer synthesis
Ring-opening polymerization of the cyclic diester of lactic acid and/ or glycolic acid (i.e. lactide and/ or glycolide) is the most frequently used polymerization method for synthesis of PLGAs having molecular weights greater than 10 000 [1] . In this method, lactide and/ or glycolide crystals are polymerized in the melt-state instead of in solution. Water molecules are avoided in this bulk polymerization method. The presence of water in the reaction can signi cantly lower the molecular weight of the polymer, since water is a powerful terminator for the growing polymer chain [11] . Therefore, all of the glassware used in this research have been completely dried to minimize the effect of residual water on the polymerization. As shown in Fig. 2 , a high vacuum was used and controlled the polymerization to assure the reproducibility of the molecular weight. By controlling the degree of the vacuum, the residual water content may be controlled. After the desired vacuum has been achieved, the reaction vessels or the polymerization tubes were sealed. The homogeneous distribution of the catalyst and the molecular weight controller in lactide and glycolide melt can signi cantly affect the property of the polymer. Uneven distribution of these components will result in abnormal polymer composition and molecular weight. Because the amount of the catalyst and the molecular weight controller added to the monomer is small, the catalyst and the molecular weight controller were dissolved in the solvent of anhydrous ether for ease of distribution and accurate quantitation. After adding the catalyst solution and molecular weight controller solution to the reaction vessel, the ether is evaporated under reduced pressure, leaving the catalyst and the molecular weight controller on the lactide surface and/ or glycolide crystal surface. The homogeneity of distribution of the catalyst and the molecular weight controller were further improved by shaking the reaction vessels at the polymerization temperature at which the lactide and/ or glycolide crystals are melted.
The synthesized polymers are amorphous and transparent. The amorphous state of the polymers are attributed to the monomer used (D,L-lactide) and fast cooling after polymerization from the polymerization temperature (150 ± C) to the temperature of liquid nitrogen. The fast cooling is also helpful for peeling off the polymer mass from the wall of the polymerization tubes, making the product collection easier. The yield for the polymerization is shown in Tables 3 and 4 .
Polymer composition
The composition of PLGA determines their physicochemical properties as well as their biodegradability [1] . It is very important to know the composition of PLGA when they are used as drug carriers. The composition of the synthesized polymers is determined by 1 H-NMR based on the behavior of the two different hydrogens in the lactic and glycolic acid moieties in a magnetic eld [15] . A typical 1 H-NMR spectrum is shown in Fig. 3 . The determined composition of the synthesized polymers is shown in Tables 3 and 4 . The results of the composition of the synthesized polymers are well correlated to the feeding composition of the lactide and glycolide.
The analyzed polymer samples were sampled randomly from the bulk products. Therefore, the NMR analytical results suggest that the lactide and glycolide monomers were homogeneously mixed in the polymerization tube. Otherwise the NMR analytical samples might have shown different compositions from the feeding ratio of the lactide to glycolide because unhomogeneous mixing have produced lactide-or glycolide-enriched corners in the polymerization tubes.
Molecular weight
The molecular weight and polydispersity of PLGA are two important parameters which are essential for formulating controlled drug delivery systems. Monomer purity, polymerization temperature, polymerization time, catalyst concentration, degree of vacuum, and the amount of molecular weight controller added all affect the molecular weight of PLGA. To control the molecular weight by addition of molecular weight controllers such as lauryl alcohol, all other factors have to be held constant to assure the reproducibility of the molecular weight for each batch Table 6 . Molecular weight, polydispersity, inherent viscosity, and glass transition temperature of the PLGA having similar designed molecular weight Sample Molecular weight Polydispersity Inherent viscosity of the polymer synthesized. Among these factors, the polymerization temperature, polymerization time, catalyst concentration, and amount of the molecular weight controller added are easily controlled. However, the control of monomer impurity and degree of vacuum are relatively dif cult. The instability and hygroscopic nature of the lactide and glycolide makes the monomer purity dif cult to maintain. The lactide and the glycolide are easily hydrolyzed to lactic and glycolic acids when in contact with moisture. The lactic and glycolic acid and the moisture in the monomer can signi cantly alter the molecular weight of the polymer. The degree of vacuum is also dif cult to control to a reproducible level. In this work, the vacuum is controlled in two aspects: the degree of vacuum and the evacuation time. The vacuum is applied up to approximately maximum capacity of the vacuum pump in order to minimize vacuum uctuation in the polymerization vessel (700 ¹m Hg). The time for evacuation is kept the same for each batch to control the content of the volatile materials (water and/ or ether) in the polymerization tubes.
The weight-average and number-average molecular weight and polydispersity for the PLGA are shown in Tables 5 and 6 . As can be seen, the molecular weight of the polymers correlates well with the amount of lauryl alcohol added: the molecular weight decreases with the increase of the amount of lauryl alcohol added. This relationship is shown in Fig. 4a . A linear correlation can be obtained by log-log plot of the weight-average molecular weight versus amount of lauryl alcohol added, as shown in Fig. 4b . This linear relationship established a basis for the quantitative control of the molecular weight of a synthesized polymer. These results indicate that the molecular weight of a lactic / glycolic acid polymer can be predetermined according to the amount of molecular weight controller added. This relationship between the molecular weight and the amount of molecular weight controller is helpful for formulation of drug delivery systems using lactic / glycolic acid polymers.
Inherent viscosity
The inherent viscosity or the intrinsic viscosity is an important physicochemical parameter for polymers. It is related to the polymer molecular weight as demonstrated by the Mark -Houwink equation. However, the inherent viscosity can be readily measured using a viscometer while the intrinsic viscosity can only be obtained through cumbersome plotting and calculation. Therefore, the inherent viscosity is commonly used for characterization of PLGA [15, 16] . The inherent viscosity for the polymers synthesized is shown in Tables 5 and 6 . As one can see, the inherent viscosity of the polymers having the same composition but produced by addition of different amounts of lauryl alcohol is inversely proportional to the amount of lauryl alcohol added. The inherent viscosity of the polymers having different compositions but with the same amount of lauryl alcohol added is very similar. These results suggest that the method used for controlling the molecular weight of PLGA is accurate. The relationship between the inherent viscosity of the synthesized polymers and the amount of lauryl alcohol added is showed in Fig. 5a . As one can see, the inherent viscosity of the synthesized polymers has a non-linear relationship with respect to the amount of lauryl alcohol added. By plotting the data in a log-log plot, a pseudolinear relationship can be obtained, as shown in Fig. 5b . The results of the inherent viscosity measurement verify that the method used in this study to adjust the molecular weight of PLGA gives the desired polymer products.
Glass transition temperature
The glass transition temperature of the PLGA was determined by DSC. Figure 6 shows a representative spectrum. The determined glass transition temperature .T g / of the synthesized lactic / glycolic polymers is shown in Tables 5 and 6 . As can be seen, the T g of the lactic / glycolic polymers ranges from 21.95 to 51:29 ± C. The T g increased when the molecular weight of the polymers increases. The T g seems to level off when the molecular weight of the polymers reaches a certain value. The relationship between the T g of the lactic / glycolic polymers and their molecular weights is shown in Fig. 7 . That T g increases with the polymer molecular weight is possibly attributed to the reduced polymer chain mobility as the molecular weight increases [1] . An increase in the polymer chain length enhances the intra-and interpolymer chain interactions such as polymer chain entanglement and packing, which decreases the polymer chain mobility, and consequently increases T g . The glass transition temperature study of the lactic / glycolic polymers also shows that the T g increases with increasing molar percentage of lactide in the lactic / glycolic polymers. The results are shown in Tables 5 and 6 and Fig. 8 . This phenomenon has also been observed by other researchers [17] . The effect of the lactic acid content on the T g of PLGA may be explained by the chain mobility mechanism. The extra methyl group on the lactic acid moiety increases the rigidity of the polymer chain because of the steric hindrance. Increasing the lactic acid moiety in PLGA reduces the exibility of the polymer chain and, thus, increases the T g of the lactic / glycolic acid polymers.
The T g of a polymer determines the physical state of the polymer at a given temperature. For instance, if a polymer is used for drug delivery, the given or reference temperature will be the physiological temperature or 37 ± C. If the T g of a polymer is below the body temperature, the polymer is in a rubbery state. In contrast, if the T g of a polymer is above the body temperature, the polymer is in a glassy state. A rubbery polymer matrix has a higher permeability to water and the loaded drugs than a glassy polymer, which results in faster polymer hydration, degradation, and drug release. A glassy polymer will gradually become a rubbery polymer due to the T g decrease caused by hydration. The hydration for a glassy polymer results in a longer time lag for drug release and for polymer degradation.
CONCLUSIONS
Two groups of lactic / glycolic polymers have been synthesized by ring opening polymerization of lactide and/ or glycolide. One group has varied the molar ratio of lactic acid moiety to glycolic acid moiety but xed the molecular weight while the other group has varied the molecular weight with the same composition. The variation of composition is controlled by varying the feeding ratio of the monomers (lactide to glycolide). The composition of the synthesized polymers correlates very well to the feeding ratio of lactide to glycolide. The control or variation of the molecular weight is achieved by addition of a polymer growing chain terminator (i.e. lauryl alcohol). A log-log linear relationship between the amount of lauryl alcohol added to the monomers and PLGA molecular weight is obtained. This log-log linear relationship can be used as a calibration line for designing the lactic / glycolic acid polymers. The two groups of PLGA have also been studied with regards to their inherent viscosity. These synthesized polymers are all amorphous material. The glass transition temperatures are ranged from 21.95 to 51:29 ± C, depending on the polymer composition and the molecular weight.
